Interlaboratory studies are decisive tools to help the validation of a specific analytical methodology or to assess the reproducibility of the use of different methods to analyze a given compound or compounds in certain sample matrices. In this work, homogeneous samples of two white wines ("White Wine" and "White Liqueur Wine") and one red wine ("Red Fortified Wine") from Portugal with different production techniques and characteristics, namely in alcohol strength (10.5%, 16.0% and 19.0% ethanolic content, respectively), were analyzed for their contents in ochratoxin A (OTA), a mycotoxin generated from fungal contamination. White Liqueur Wine was naturally contaminated, whereas the other two wine type were spiked with ethanolic OTA solutions. The participation of 24 laboratories from 17 countries of five continents was ensured for this study. Although with no restrictions in terms of analytical methodology to employ, 75% of the laboratories resorted to immunoaffinity columns clean-up followed by high performance liquid chromatography with fluorescence detection (HPLC-FD), most of them in accordance with the European Standard EN 14133. For White Wine samples, the general mean OTA concentration was 1.96 g/l (two outliers) with interlaboratorial standard deviation (s L ) of 0.53 g/l; for White Liqueur Wine, mean of 1.59 g/l (one outlier), with s L = 0.59 g/l; and for Red Fortified Wine, mean of 2.73 g/l (no outliers), with s L = 0.96 g/l. Outliers were determined by Cochran and Grubbs tests. The Horrat index, recommended by the Association of Official Analytical Chemists (AOAC) for the quality assurance of the collaborative study was, on average, 1.7. This study proved that OTA determination in wines is reproducible, regardless of the methodology employed.
Introduction
Ochratoxin A (OTA) is a mycotoxin (fungal contaminationderived metabolites) produced by strains of Aspergillus and Penicillium, and recently detected in several food matrices, including alcoholic beverages. Since first reported in wines by Zimmerli and Dick in 1995 [1] , the pressure for seeking food safety urged OIV to recommend a maximum limit of 2 g/l for safe intake in wines [2] . The European Union recently adopted the value of 2.0 g/kg as maximum residue level of OTA for wine (red, white and rosé) [3] . OTA has been classified as pos-recently reported. A reference method has been approved in 2003 by the European Committee for Standardization (CEN)-EN 14133 [24] . In general, immunoaffinity columns are recommended as clean-up procedure of OTA from wines and beers, prior to HPLC-FD analysis. The official method adopted by the Association of Official Analytical Chemists (AOAC) is also based on these techniques [25] .
Interlaboratory studies aiming the validation of the reference method or focusing on proficiency objectives (ring-tests) have been performed for wine matrices, especially when alcoholic contents round up to 12% (v/v).
A proficiency test has been conducted on FTIR wine analysis with the participation of six laboratories [26] . The wine sample had an average 12% in alcohol strength. Reproducibility was evaluated for several analytical determinations such as density, ethanolic content, dry extract, total sugars, total acidity, pH, and total polyphenolic index. An interlaboratory study featuring six laboratories compared the determination of ethyl carbamate in alcoholic beverages (red, white and fortified wines, brandy and wine spirit) by HPLC-FLD and GC-MS [27] .
The European Standard EN 14133:2003 reports the results of an interlaboratory test according to AOAC guidelines for collaborative study procedures to validate characteristics of a method of analysis for OTA quantification in wines [24] . The study was conducted in 1999, with the participation of 16 laboratories, strictly applying the aforementioned standard. There is no information concerning the type of wines analysed, apart from the citation that the samples were white wine, red wine or beer, spiked at three concentration levels around 0.1-0.2 ng/ml, 0.9-1.1 ng/ml and 2.0-3.0 ng/ml, and one naturally contaminated sample (mean concentration of 0.283 ng/ml for white wine and 1.690 ng/ml for red wine).
The Bureau InterProfessionnel d'Etudes Analytiques (BIPEA) periodically organizes proficiency tests on several wine determinations, following ISO Guide 43:1997 [28] . It is probably the organization that covers a wider range of wine types [29] . For physico-chemical analysis, red wines, dry white wines, sparkling wines, dessert wines, rosé wines, aromatized wines have been included. Contaminants such as pesticides and mycotoxins are among the determinations. However, statistical reports are sent to the participating laboratories and therefore no statistical data is divulged.
Other matrices of study and reference materials were also reported in literature as a target for similar interlaboratory collaborations, such as sewage sludge [30] , wastewater [31] , water [32] , saliva [33] , ambient air [34] , plants [35] or other food products [36] [37] [38] . A review on interlaboratory studies applied to analytical chemistry aiming their different purposes and evaluation methods was published by Hund et al. [39] .
The importance of such interlaboratory studies, beyond the validation of an analytical method, is nowadays seen as an important contribution to the estimation of the global uncertainty associated to the results. Concerning the complex nature of many modern methods of analysis, proficiency testing schemes allowing laboratory specific standard operating procedures (SOPs), are more to the point than method-evaluating schemes like ISO 5725:1994 [40] . Several authors describe the calculation of the uncertainty with the inclusion of the interlaboratory variability [41] [42] [43] [44] .
In view of these foundations, in this work it is proposed to study three different wine matrices, which have undergone dissimilar vinification processes and therefore having different alcohol strength:
• Red Fortified Wine and White Liqueur Wine, in which fermentation is arrested before completion by alcohol distillate addition, allowing sugar and alcohol content to be higher (around 150 g/l total sugars and 18-19% alcohol strength (v/v)).
• White Wine, in which fermentation is complete, thus having lower sugar and alcoholic content (less than 0.3 g/l sugars and 9% alcohol strength). In the specific case of these samples, the acidity is slightly higher than in common table wines.
Being aware of the importance of interlaboratory studies to assess the fiability of OTA determination methods in alcoholic beverages, two Portuguese entities, LEPAE-Process Engineering, Environment and Energy Laboratory (a research group from the Faculty of Engineering of the University of Porto, FEUP) and ALABE, an Association of the Laboratories of Enology, organised such a study. ALABE acted as the guarantee of confidentiality of the process and LEPAE/FEUP performed all statistical treatment of data.
Experimental

Organization of the study
The main steps of this Interlaboratory Study are presented in Table 1 .
Samples analyzed
The study was designed to comprise different types of wines and different levels of OTA contamination, both natural and spiked. As aforementioned, three different wines were chosen. In order for the participating laboratories to analyze all samples in triplicate, the necessary amount of each sample was sent, varying from 250 ml to 750 ml, according to the requirements of the methodologies employed by the different participants. Spiking was done with 9% and 18% ethanolic solutions of OTA. Table 1 Steps of the ochratoxin A (OTA) interlaboratory study
Step The spiked amounts were targeted to the vicinity of the OIV recommended limit.
Participating institutions
Following the Call for Participants, 24 entities from all over the world kindly presented their will to contribute to this study. The list of the participating laboratories is presented in Table 2 .
Analytical methods employed
As the purpose of this study was not the validation of a given method, several analytical procedures were employed by the different laboratories to analyze the content of OTA in the wine samples. The initially proposed method was the reference method described by the European Standard EN 14133 [24] , but the participants were free to choose another. The important thing to notice is the principles of the method, rather than the specific nuances of minor differences in operating values. In this case, the reference method basically consists in the dilution of the wine samples with a solution containing polyethylene glycol (PEG) and sodium hydrogen carbonate, followed by filtration and clean-up by immunoaffinity columns (IAC). OTA is eluted with methanol and quantified by reversed-phase HPLC (mobile phase: water-acetonitrile-acetic acid, 99:99:2) with fluorescence detection (FD) at 333 nm (excitation) and 460 nm (emission). This method was chosen by 50% of the participants. Another 25% employed the same principle, only using a phosphate buffer solution (PBS) instead of PEG. One of the participants using this method quantified at 225 nm (emission). The remaining six laboratories used somewhat different procedures. Table 3 indicates the methods employed and the number of laboratories using them, with some remarks when major modifications to the EN 14133 strategy were made.
Statistic analysis
The statistic analysis of the results, namely the detection and elimination of outliers, the precision parameters evaluation (repeatability and reproducibility), means and z-scores were based in the standard ISO 5725:1994 [40] , the Guide ISO 43:1997 [28] and the Guide EURACHEM "Use and interpretation of proficiency testing (PT) schemes by laboratories" [45] and comprised several steps now detailed.
Assessment of consistency and outliers
This procedure was done to find out and deal with the presence of inconsistent values, outliers or other irregularities. Global mean and respective confidence interval (at 95%) were calculated for each level and parameter for all laboratories before the scrutiny for outliers, performed by numerical tests. First, an upper-tail Cochran test is repeatedly performed, for the comparison of the interlaboratory variances, and consequent elimination of laboratories with interlaboratory variability significantly Care was taken as to rule out only a number of laboratories up to 2/9 of the total, meaning not more than 5 in this study, for each of the three samples analyzed. Cochran test is unilateral, once only the laboratories with variability above the mean are ruled out, and not the ones below [46] . The Grubbs tests allow the detection of anomalous mean values and are performed using the values retained from the within-laboratory consistency evaluation. In the case of the single outlier test, the occurrence of one outlying result, either the smallest or the largest, is evaluated [46] .
As always throughout this study, laboratories with stragglers were maintained, whereas laboratories with outliers were ruled out.
Evaluation of precision and general mean
After the elimination of outliers for each wine sample type, values for general mean,m, and variances S 2 L (interlaboratory), S 2 r (repeatability) and S 2 R (reproducibility), were calculated according to standard ISO 5725:1994 [40] .
Evaluation of laboratory performance (z-scores)
Considering all participant laboratories and to have an indication on their performance on this study, z-scores were calculated [40] and graphically displayed for each of the three different sample types.
Results and discussion
The organisation of the interlaboratory study results was planned to emphasise the comparison of the values obtained by the 24 participant laboratories, for the analysis of OTA in the three types of wine samples conveyed (White Wine, White Liqueur Wine and Red Fortified Wine). The confidentiality of the results was assured by ALABE.
Following the elimination of outliers, the parameters for precision, the means and respective standard deviations in the OTA quantification were calculated for each sample type. Individual and mean results are presented for each laboratory considered for each sample type, as well as the stan- dard deviation of means and respective performance indicator (z-score). Other parameters displayed comprise the global mean, relative and absolute standard deviation for the different samples, variances (interlaboratorial, repeatability and reproducibility), as well as maximum and minimum values. Table 4 shows the different statistical parameters for all laboratories, for White Wine samples. Outliers are also referred, and the test used to assess them.
White Wine (10.5%, v/v)
As can be seen, two laboratories were excluded in this case, and the general mean of the accepted ones was 1.96 g/l, with relative standard deviation (R.S.D.) of 27.3%. Fig. 1 depicts the z-scores for all laboratories. Notice that, unlike Table 4 , results are divided by three different groups of methods. Grey columns represent EN 14133 (12 labs), crossed columns stand for PBS-IAC-HPLC/FD (6 labs) and finally, the remaining methods were joined in another group, named "other methods" (white columns, 6 labs). Furthermore, the mean (2.35 g/l) and the confidence intervals are referred to all participants, before outlier tests.
As expected, the outliers (labs 4 and 6) show the worst results and are considered incorrect according to the z-scores test. There seems to be no clear relation between the results and the methods employed. Only with some effort, and before the outlier tests, the most deviant results can be globally attributed to the PBS-IAC-HPLC/FD group.
When removing the outliers, the mean values match the parameters of Table 4 above, and it is noticeable in Fig. 2 that EN 14133 laboratories produce the highest percentage of results outside the confidence intervals. Considering the individual mean of each of the three groups, the PBS-IAC-HPLC/FD has the most deviant behaviour comparing to the general mean (−29.8%), followed by the EN 14133 (+11.5%) and the other methods (+3.0%).
The relative standard deviation for reproducibility (27.3%) was slightly higher than the 14.3% published in the European Standard 14133 for white wines [24] , probably because several alterations or completely different analyti- cal methodologies were included and also because a different wine type was analyzed. Even so, if the EN 14133 group is considered separately and without its outlier (lab 4), the R.S.D. is closer (20.0%) to the one in the standard.
White Liqueur Wine (16%, v/v)
In Table 5 the different statistical parameters for all laboratories, for White Liqueur Wine samples, are shown. One outlier is referred, by the Cochran test. For these samples, only one laboratory was excluded. The general mean of the accepted ones was 1.59 g/l, with R.S.D. of 36.79%, somewhat higher than for the White Wine samples, with a much lower alcohol content. Fig. 3 illustrates the z-scores for all laboratories, with the same grouping by method, before the outlier tests (mean = 1.75 g/l).
Again, the outlier (lab 4) had the worst result and was considered incorrect according to the z-scores test. The most sensible variability seems to happen in the PBS-IAC-HPLC/FD group. When removing the outlier, the mean values match the parameters of Table 5 , and these findings are confirmed, both in number of laboratories with results outside the confidence intervals and in the deviation of the individual group mean from the general mean (−34.8%, followed by other methods with +10.8% and EN 14133 with 8.8%), as seen in Fig. 4 .
There is no information concerning other collaborative studies with this type of wines and therefore results for reproducibility could not be compared, assuming that the "white wines" analyzed in the European Standard 14133 [24] are not liqueurs.
Red Fortified Wine (19%, v/v)
For Red Fortified Wine samples, the different statistical parameters for all laboratories can be seen in Table 6 . No outliers were found in this case.
The general mean of all laboratories was 2.73 g/l, with R.S.D. similar to White Liqueur Wine (37.43%). In the study depicted in the European Standard EN 14133 [24] , red wines yielded a value of 12.9% R.S.D., but again probably dealing with different types of wine, namely regarding sugar and alcohol content and acidity. Considering the EN 14133 group separately, the R.S.D. (30.9%) approaches, although to a lesser extent than for White Wine, the one in the standard. Nevertheless, these samples, which had the highest alcohol content (19%), were the most consistent, when subjected to the statistical tests. Fig. 5 shows the z-scores for all laboratories, grouped by methods. Although having no outliers, lab 4 had the worst result, but was only qualified as questionable, according to the z-scores screening. The trends found for the White Liqueur Wine samples were confirmed in this case, as the PBS-IAC-HPLC/FD method group mean was the most deviant comparing to the general mean (−18.9%, followed by other methods with +12.4% and EN 14133 with +3.4%).
Overall results and quality assurance of the study
AOAC demands specific requirements for laboratory validation of chemical methods [47] . The protocol for interlaboratory studies requires the use of a minimum of eight laboratories and the acceptable range for the methods variability by the Horrat index may provide useful information to assure the quality of the study.
The The Horwitz equation was statistically derived from data of more than 10,000 collaborative studies [49] , and even considering the inherent limitations from the differences between analytes, methods or matrices are not strictly accounted for, it is a valuable estimation when interlaboratory studies cannot be provided. The R.S.D. calculation form the Horwitz equation is R.S.D. H = 2 (1−0.5 log C) , where C is the concentration of the analyte in the sample as a decimal fraction, such as 1 mg/kg = 10 −6 . Table 7 presents the Horrat index evaluated in this study and the one calculated for the results published in the European Standard 14133. Horrat indexes in this study were, on average, within the recommended range and it should be noticed that its evaluation supposes the same analytical methodology. However, the evaluation for the results of the laboratories that strictly used the EN 14133 in the present study was slightly higher, reaching the maximum recommended of 2, on average, with a value above that limit for the Red Liqueur Wine samples (2.7). The average Horrat index calculated using the results published in the EN 14133 standard is within the range of acceptance of the reproducibility (0.6).
There could be two main reasons for these punctual deviations. The first is that the level of training and experience as well as quality assurance/quality control (QA/QC) procedures was not discriminated among the laboratories, giving a more realistic view of the worldwide production of OTA results. The second is that wines different from those for which the standard was validated were chosen and matrix effects can be important, probably not affecting significantly the accuracy of the methodology but increasing the interlaboratorial variability. It should also be mentioned that the Horwitz approach has its limitations and is not unquestionably accepted, as reported by Ritter et al. [50] for analysis in plastics and by van der Veen [51] in doping control in sport, which pointed towards a possible underestimation of the uncertainty. Furthermore, Thompson [52] stated that this expression could not be valid in all cases, proposing some modifications for the highest and the lowest concentration ranges, with the following expressions in terms of σ R (standard deviation of the reproducibility): The ranges of this study fall under the first expression, which forecasts a value of R.S.D. of 22%. Correcting the Horrat index under this assumption, the results are slightly better, as can be seen in Table 7 . There is only one value outside the recommended range (Red Liqueur Wine for EN 14133, with 2.4) and the average values for the three situations studied fall clearly within that range (1.5, 1.8 and 0.6 for all laboratories, laboratories employing EN 14133 in this work and results reported in the European Standard EN 14133, respectively).
Taking into account that the current study rather than validate one method aims to compare different methods for the same analytic quantification, which is more prone to some inconsistencies, as stated by Lisinger et al. [53] , the worldwide and method-free character of the work could have caused additional problems. Instead, the results show that, in this case and despite all their possible sources, they can be meaningless, supporting the reliability of the conclusions.
Conclusions
The participation of a large number of laboratories (24) , from almost all continents of the world was very important to have a general assessment of the current methods employed to analyze ochratoxin A in wines and their global performance. As was seen, the results were consistent, with low variability amongst different laboratories. In the three sample types, only two outliers (White Wine), one (White Liqueur Wine) and none (Red Fortified Wine) were found, when the maximum number of laboratories that could be excluded was five.
When comparing the results by methods, the differences were not very clear, meaning that the use of different methods had no relation with the global variability. Even the use of methods so distinct from the standard EN 14133 such as LC/MS-MS did not present significant variability. When comparing the individual mean of each group with the global mean for each wine, the six laboratories adopting the PBS-IAC-HPLC/FD approach were the ones showing the most deviant behaviour and the lowest values in OTA content. If we report to the number of laboratories with results outside the confidence intervals, the EN 14133 and the PBS-IAC-HPLC/FD share the least accomplished results. However, these findings cannot constitute a rule of statistical significance, due to the overall proximity between the results of all groups. Furthermore, it should be pointed out that the EN 14133 and the PBS-IAC-HPLC/FD approaches have in common the use of immunoaffinity columns, which may contribute to a rise in the variability of the results, either by its production process or the experience of the operator.
The choice of three different types of wine to analyze, with distinct alcohol contents (10.5%, 16% and 19%) meant to test even further the flexibility of the OTA analysis. The most noticeable aspect was the fact that the relative standard deviation of the laboratories means (without outliers) was lower in the first case (White Wine, 27.30%) than in the other two (White Liqueur Wine and Red Fortified Wine, with 36.49% and 37.43%, respectively). It is, however, difficult to assume indisputably that the alcohol content is directly linked to this phenomenon. Considering the results of the EN13144 group alone, the R.S.D. are closer to the ones referred in the European Standard, especially for White Wine (20.0% versus 14.3%). The average Horrat index (1.7 with the Horwitz equation and 1.5 after correction by Thompson) fell within the range recommended by the AOAC for the quality assurance of collaborative studies (0.5-2).
It can be safely stated that all the overall results yielded by this Interlaboratory Study were very good. Only two laboratories (labs 4 and 6) produced outliers at some point, and were removed from the statistical analysis when such event took place. The analysis and quantification of OTA is, therefore, reproducible worldwide, for the type of wine samples included in this work.
